A north-south flow pattern with a recurrence period approximately equal to the solar rotation period was observed by Voyager 2 during 1995 at 47 AU, nearly a solar cycle after the north-south flows were first observed near 21 AU during 1986. The north-south flow deflections observed during 1995 were less regular than those observed in 1986.
Introduction
Voyager 2 (V2) near 25 AU [Lazarus et al., 1988] observed meridional (northsouth) flow velocities with a 25.5-day period. Voyager 2 was in the ecliptic and near the solar equatorial plane. The meridional flows were observed during 1986, near solar minimum. At this time the solar wind speed was low near the equatorial plane and increased toward both the north and south poles. Lazarus et al. [1988] and McNutt [1988] showed that there is an association of the flow turning southward with speed and pressure increases. Transitions to northward flow were not so clearly associated with changes in the flow parameters.
McNutt [1988] suggested that the north-south flow variations were the result of pressure gradients at interaction regions produced by corotating streams. In this view the N-S flows are the result of a "snowplow" effect produced by interaction regions alternately tilted northward and southward corresponding to streams in the southern and northern hemisphere, respectively. Pizzo [1994] (hereafter referred to as P94) developed a steady-state 3-D model of this concept. By assuming a steady state, his model precludes the study of the growth of perturbations, and one cannot draw any conclusions about the development of a vortex street from his solution. Nevertheless, Pizzo's model has the considerable merit that it makes predictions, which can be tested by the observations. An alternative explanation of the north-south flows is that a heliospheric vortex street produced them [Burlaga, 1990; Veselovsky and Triskova, 1990; Triskova et al., 1992; and Siregar et al., 1992, 1993] . The papers by Burlaga and Veselovsky/Triskova were written independently, and they are complementary. Veselovsky [1990] and Veselovsky and Triskova [1990] derived a linear solution of the compressible MHD equations that describes vortex tubes in 3-D, but they did not attempt to fit the observed speed profiles. Streamlines of a vortex street were presented by Triskova et al., [1992] . Siregar [1992 Siregar [ , 1993 presented a non-linear, time-dependent, compressible MHD model of the Kelvin-Helmholtz instability in the heliosphere.
There is a large literature on the Kelvin-Helmholtz instability in compressible flows [see, e.g., Miura, 1992; Leep et al., 1993; Ostrcil, 1994] , but this has not been applied to the heliospheric vortex street problem. Burlaga [1990] offered the hypothesis that a heliospheric vortex street would develop in the outer heliosphere near solar minimum as a result of the velocity shear generated by high-speed streams flowing on either side of the heliographic equator. The streams were presumed to originate from coronal holes in the northern and southern hemisphere, approximately 180° apart. He showed that the observed amplitude and period of the N-S flows as well as the double-peaked speed profile per 26 day period could be described by the steady-state, 2-D solution for a vortex street in an incompressible fluid medium given by Lamb [1945] . Burlaga [1990] stressed that the use of Lamb's solution was a highly idealized first approximation. The assumption of incompressibility in this context was justified on the basis that the magnitude of the north-south component of velocity is less than or of the order of the magnetoacoustic speed. He emphasized that the effect of compressibility should be examined in further studies. Triskova [1990] independently suggested that a vortex street produced the north-south flows. They derived a solution of the steady-state, linearized, compressible MHD equations that describes qualitatively the vortex tubes in 3-D. An axially symmetric solution for the streamlines of a vortex street was presented by Triskova et al. [1992] .
Veselovsky and
A time-dependent, non-linear, compressible model of the evolution of a solar wind with large latitudinal gradients in the solar wind speed both above and below the solar equatorial plane was developed by Siregar et al. [1992 Siregar et al. [ , 1993 . They showed that such a flow is unstable, and the growing anti-symmetric perturbations lead to the formation of a vortex street. Their solution also shows the bulk speed profile has two maxima in the bulk speed per north-south cycle for a spacecraft near the plane of symmetry, as predicted by Lamb's solution and as observed [Burlaga, 1990] .
Both the pressure induced flow models and the vortex street models predict northsouth flows in the outer heliosphere near solar minimum as a result of high-speed flows above and below the ecliptic, as observed in 1986 by V2. Thus, one might expect to observe north-south flows near the subsequent solar minimum. We shall show that V2 observed north-south flows during the latter half of 1995, when its heliocentric distance was ≈47 AU and its heliolatitude was -14.5°. The purpose of this paper is to describe the observations of these north-south flows, to compare them with the observations in 1986, and to compare the observations of north-south flows with the predictions of P94.
Plasma Measurements
The Voyager plasma experiment (PLS) measures ion currents simultaneously in four Faraday cups. Three of these cups (the A, B, and C-cups) are clustered about a cone of half angle 15° with the central axis pointed toward Earth [see Bridge et al., 1977] , an ideal arrangement for observing the solar wind. Fitting a convected isotropic Maxwellian distribution to data from three cups can give a flow direction accurate to within well less than a degree. The actual analysis of PLS data from Voyager 2 is complicated by radiation damage the instrument sustained at Jupiter. This damage causes the measured currents in the B cup to be reduced when currents are low. When densities are below 0.001-0.002 cm -3 (the exact value depends on the speed and temperature), the signal in the B cup drops out completely. Since the energy of the peak solar wind flux, not the magnitude, determines the velocity, even a reduced current in the B cup allows a fairly reliable determination of the velocity. This determination is not straightforward, however, as the current reduction is a function of energy and probably varies in time. When current is detected only in the A and C cups, the velocity is not uniquely determined; however, by constraining the flow angles to be reasonable based on previous solar wind observations we can often derive rough estimates of the flow velocity even for these cases.
Since the present study depends critically on the north-south flow angle, we have looked carefully at the accuracy of this value. The density is greater than 0.002 cm -3 for 60% of the data and greater than 0.001 cm -3 for 96% of the data, suggesting that a majority of the time data from all three cups are available. As a test of the automatic analysis, we fit over 100 sets of spectra with data in all three cups using an interactive fitting routine. This routine uses the full instrument response function [Barnett and Olbert, 1986] The quasi-periodic oscillations of the north-south angle observed by Lazarus et al. [1988] in 1986 at ≈ 21 AU are evident in the top panel of Figure 2 . The oscillations show a slight variation in phase from one cycle to the next, which can be seen by comparing them with the dotted sine wave. There is also a small variation in the amplitude of the oscillations from one cycle to the next. The variations of north-south angle observed over the same number of days in 1995 at ≈ 47 AU, shown in the lower panel, are also quasiperiodic, with peaks near the maxima of the sine wave. In this case the variations are less regular than those observed closer to the sun during 1986, but the periodicity is still evident.
Power spectra of the north-south flow angles observed during 1986 and 1995 are shown in the top and bottom panels of Figure 3 , respectively. There is a distinct peak at a frequency corresponding to 26 days for the 1986 observations. There is a smaller but still distinct peak at 26 days for the 1995 observations, consistent with that which is evident to the eye in the lower panel of Figure 2 . We conclude that the quasi-periodic north-south flows can extend to ≈ 47 AU near solar minimum.
P94 predicts that the amplitude of the north-south flow decreases by at least a factor of 3 from 21 AU to 47 AU. The decrease should be even greater for a spacecraft at 14° from the solar equatorial plane. The prediction is essentially independent of the inclination α of the heliospheric current sheet for α < 30°. Thus, the pressure induced flow deflection model of P94 predicts that the ratio R th of the north-south flow amplitude 47 AU to that at 21 AU is < 1/3. Owing to the irregularities in the fluctuations observed by V2 during 1986 and 1995 and to the measurement issues discussed above, there is some uncertainty in the estimation of the amplitudes of the fluctuations. Visual inspection of the amplitudes in Figure 2 suggests that the amplitude is ≈ 3.0° during 1986 and 2.1° during 1995, giving a ratio of R obs1 = 0.7 of the amplitude at 47 to that at 21 AU.
Another estimated is provided by the ratio of the standard deviations of the fluctuations (2.0 for 1986 and 1.4 for 1995), viz. R obs2 = 0.7, consistent with the subjective estimate.
Note that for a sine wave, a standard deviation of 2.0° (1.4° ) corresponds to an amplitude of 2.8° (2.0°) during 1986 (1995), consistent with Figure 2 . Finally, one can estimate the ratio of the amplitudes of the north-south flows in 1995 to 1986 by the ratio of the averages of the absolute values of V NS , which is R obs = 0.7. All of our estimates give R obs = 0.7. Assuming an uncertainty in the amplitudes measured during 1986 and 1995 of ≈ ± 0.5°, the uncertainty in R obs is ≈ ± 0.2. Thus, our observation of the ratio of the amplitudes in 1986 and 1995, R obs = 0.7 ± 0.2, is larger than the P94 prediction R th ≤ 0.33. This result argues against the P94 model, but it does not rule out a pressuredriven contribution to north-south flows.
4. The bulk speed variations during 1986 and 1995. Burlaga [1990] noted that Lamb's solution for a vortex street predicts two local maxima in the speed profile in a single north-south flow cycle, and he showed that the V2 observations for 1986 are consistent with this prediction. The vortex models of Veselovsky and Triskova [1990] and Siregar et al. [1992 Siregar et al. [ , 1993 as well as the stream induced flow model of P94 also predict two local maxima in V per north-south flow cycle when the tilt angle α is < 30° and the observer is near the plane of symmetry.
The top panel of Figure 4 shows the speed profile measured from day 175 to 350, 1986.
The presence of two local maxima in V per cycle can be seen with reference to the sinusoid shown by the dotted curve, which has the same phase and period (26 days) as the sinusoids in Figure 2 . The electrons were not measured by Voyager beyond ≈ 5 AU, but the speed and density of the electrons are equal to the speed and density of the protons to good approximation owing to charge neutrality and the dominance of protons and electrons.
The temperature of the electrons can be different than that of the protons, but one expects that the electron temperature will tend to increase when the proton temperature increases as a result of dynamical interactions. Thus, an increase in the pressure associated with an increase in density in a 1-fluid polytropic model should be associated with an increase in the proton pressure and temperature measured by a spacecraft.
The linear, steady-state vortex model of Veselovsky and Triskova [1990] and the nonlinear non-steady vortex model of Siregar et al. [1992 Siregar et al. [ , 1993 1. The bulk speed V should increase when V NS changes from north to south and again when V NS changes from south to north, during each north-south cycle.
2. The proton temperature T should increase when V NS changes from north to south and again when V NS changes from south to north, during each north-south cycle.
These predictions are also made by the compressible vortex street models discussed above.
Following are predictions of P94 that are not consistent with the observations.
1. The density should increase when V increases, twice per north-south cycle.
2. B and N should be positively correlated. The last three predictions are a consequence of the assumptions of a polytropic law and a frozen-in magnetic field. Hence, as for the vortex models, the observations suggest the need for a more realistic energy law and/ or initial conditions.
6. The density, temperature, and pressure variations during 1995 Figure 6 shows, from top to bottom: V NS -1.88°, N, T and V measured by V2 from day 175 to 350, 1995. The average flow angle for the period, <V NS95 > = -1.88° was subtracted from V NS (see Figure 2 ) so that the relative positive and negative deflections could be seen more clearly. We cannot determine whether the net southward flow is part of a global meridional flow pattern [Richardson and Paulerina, 1996] or whether it is a property of the vortex street at the latitude of V2. For the cycles chosen, inspection of Figure 6 suggests the presence of two maxima in V per cycle, but the pattern is not as clear as it was in the 1986 data. Indeed, to say that there were two maxima per cycle would be an oversimplification of the actual structure.
As in the 1986 data, the primary jumps in V are associated with south to north changes in V NS . There is no correlation between N and T or between N and V in either the 1995 or 1986 data. There is a tendency for the temperature to increase when the speed increases, but the tendency is less pronounced in 1995 than in 1986. Since the magnetic field strength is near the limit of measurement (0.05 nT) over much of the interval, we do not plot it in Figure 6 . 1999 [Burlaga and Ness, 1993] . The flux deficit is not fully understood, but it might be caused by meridional flow associated with the vortices. Poleward flows of 4 km/s were observed by V2 from 1986-1988, near solar minimum, but not during other years and not at 1 AU [Richardson and Paulerina, 1996] . A flow of this magnitude might produce the observed magnetic flux deficit. Further studies are needed to understand the sources of such relatively large poleward flows and their effects on the magnetic field near solar minimum and near the heliographic equator.
The vortex model also predicts a decrease of the solar wind speed with increasing distance from the sun near the heliographic equator, as a result of a sunward component of the velocity of the vortices there [e.g. Burlaga, 1990 and Siregar et al., 1992] .
Relatively low speeds relative to 1 AU were observed by V2 during 1986 and 1987 [Burlaga and Ness, 1993] , consistent with the predictions of vortex street model. The low speeds were also due in part to the immersion of V2 in the heliospheric plasma sheet Future models should include the effect of pickup protons, since the pickup proton pressure exceeds the pressure of the plasma and magnetic field at large distances [see, e.g., Burlaga et al., 1994 Burlaga et al., , 1996 Whang, 1998; Whang et al., 1996] as predicted many years ago [e.g., see Holzer, 1972 see Holzer, , 1979 see Holzer, , 1989 . In particular the high characteristic speed resulting from the hot pickup protons is very important, and it tends to reduce the effects of compressibility. 
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